It has been possible to induce room temperature ferromagnetism, exhibiting high transition temperature, in tin oxide thin films by introducing manganese in a SnO 2 lattice. The observed temperature dependence of the magnetization predicts a Curie temperature exceeding 550 K. A maximum saturation magnetic moment of 0.18± 0.04 B per Mn ion has been estimated for spray pyrolized Sn 1−x Mn x O 2−␦ thin films, with x = 0.10. For Mn concentration ͑x͒ higher than 0.10, the films show linear behavior. The magnetization-versus-field studies indicate that the origin of ferromagnetism lies neither in ferromagnetic metal clusters nor in the presence of metastable phases. The structure factor calculations reveal that Mn has been incorporated in the SnO 2 lattice. Also, the electron transport investigation indicates that there is a change of Mn occupancy from substitutional to interstitial sites of the SnO 2 lattice when the Mn concentration exceeds 7.5 at. %. These films do not exhibit anomalous Hall effects at room temperature. The optical absorption study indicates that the Sn 1−x Mn x O 2−␦ system behaves like a random alloy. The generation of additional free electrons by F doping in Sn 0.90 Mn 0.10 O 2−␦ thin films does not cause any increase in the magnetic moment per Mn ion, suggesting no significant role of electrons in bringing about the magnetic ordering.
I. INTRODUCTION
During the past few years the dilute magnetic semiconductors ͑DMS͒, in which a small fraction of atoms/ions is magnetic, have attracted considerable attention from both the fundamental as well as the application points of view. This is primarily due to the possibility that, in these DMSs, the two degrees of freedom ͑i.e., spin and charge͒ can be independently tuned to realize multifunctional devices. In such devices, inducing stable room temperature ferromagnetism ͑RTFM͒ is one of the necessary prerequisites to realize any practical application 1 of these materials. The RTFM has recently been reported, and is being actively investigated in the transition metal ͑TM͒ incorporated TiO 2 , 2-6 ZnO, [7] [8] [9] [10] [11] CuO, 12 In 2 O 3 , [13] [14] [15] [16] GaN, 17, 18 InAs, 19 etc. If thermally stable ferromagnetism can be induced while maintaining sufficiently high optical transparency in these oxides, new vistas of applications are possible with these semiconductors.
In the present work, SnO 2 is chosen as the host semiconductor in view of its technologically important physical properties such as high optical transparency, metal-like conductivity, easy doping, and easy tunability of its various properties. 20 So far, not much work has been reported on the RTFM in TM-doped SnO 2 . [21] [22] [23] [24] [25] A study on Mn-doped SnO 2 thin films 26 indicates that ͑i͒ the films are paramagnetic at room temperature ͑RT͒, and ͑ii͒ Mn has a solubility limit of ϳ34%. A study on the bulk samples, 23 however, shows ͑i͒ that the samples exhibit ferromagnetism with a Curie temperature ͑T C ͒ of ϳ340 K, ͑ii͒ that Mn has a solubility limit of 5 at. %, and ͑iii͒ has a saturation magnetic moment of 0.11 B / Mn ion at RT. Thus these reports are not in agreement with each other. To investigate whether Mn is able to introduce thermodynamically stable ferromagnetism in a SnO 2 semiconductor, Sn 1−x Mn x O 2−␦ thin films have been carefully prepared and characterized. In the present work, we report the observation of RTFM in a narrow range of Mn concentration ͑0.075Յ x Յ 0.10͒ and its relation with other properties by investigating the Sn 1−x Mn x O 2−␦ thin films prepared by a simple and economical chemical route of spray pyrolysis. F doping in Sn 0.90 Mn 0.10 O 2−␦ has also been carried out to understand further the role of electrons in inducing ferromagnetism.
II. EXPERIMENTAL DETAILS
Manganese-incorporated SnO 2 thin films were prepared by spray pyrolyzing a mixture of aqueous solutions of SnCl 4 ·5H 2 O and ͑CH 3 COO͒ 2 Mn· 4H 2 O ͑1M͒ on quartz substrates at 450°C. For fluorine doping, NH 4 F has been used. The deposition parameters have been optimized to yield good quality films with thermally stable properties and to avoid the presence of Cl in the films. 22, 27, 28 Spray depositions were carried out in an ambient atmosphere using nitrogen as a carrier gas at a pressure of ϳ4 ϫ 10 4 N / m 2 . Subsequent to the deposition, the resulting films were annealed in the air by increasing the substrate temperature to 500°C for 30 min. The present choice of the annealing temperature has been stimulated from the report that the enhancement in the Curie temperature has been observed in GaMnAs ͑Ref. 29͒ when the annealing was carried out close to the deposition temperature. Structural characterization of these 250-300 nm thin films was carried out by using a Philips X'Pert PRO ͑Model PW 3040͒ diffractometer ͑XRD͒ in the glancing a͒ Author to whom correspondence should be addressed. Electronic mail: sujeetc@physics.iitd.ac.in.
angle ͑GA͒ mode with GA= 2°. The goniometric resolution is 0.001°. All the diffractograms were recorded under a slow scan with a step size of 0.01°and a counting time of 2 s for each step, so that the presence of even small quantities of any secondary phase, if present, could be detected. A transmission electron diffraction ͑Model CM 12, Philips͒ has also been carried out to identify the microstructure and secondary phases present, if any, in the SnO 2 matrix. The magnetization measurements were carried out by employing a vibrating sample magnetometer ͑VSM͒ ͑Model 155 from EG&G-PAR͒ having a sensitivity of 5 ϫ 10 −5 emu. The calibration and sensitivity of the system was performed using an yttrium iron garnet standard sample ͑NIST, USA͒ whose moment falls in the same range of moment as that of the sample under study. An optical absorption study of these films was carried out at RT by employing a Perkin Elmer double-beam spectrophotometer ͑Model-Lambda 900͒ having spectral resolutions of 0.05 and 0.2 nm in the UV-VIS and near infrared ͑NIR͒ ranges, respectively. Using Keithley's source meter ͑Model 2440͒ and a nanovoltmeter ͑Model 2182͒, the temperature dependence of the resistivity ͑in van der Pauw geometry͒ of the samples has been carried out. The Hall measurements have also been performed at RT by using the four-point van der Pauw geometry employing Keithley's Hall effect card and switching the main frame system ͑Model 7065 and 7001͒. The thickness of the samples has been calculated accurately ͑within ±1 nm͒ by simulating the optical transmittance spectra. Figure 1 shows the XRD patterns of the Sn 1−x Mn x O 2−␦ ͑0 Յ x Յ 0.15͒ thin films with the assignment of the appropriate Miller indices to the XRD reflections. The x-ray diffractograms revealed the tetragonal rutile structure of SnO 2 in all the Mn-incorporated films. The peaks have been identified by using a second derivative method. This uses a sliding polynomial filter and allows an accurate detection of low intensity peaks overlapping the high intensity peaks. The measured XRD peaks have been fitted by pseudo-Voigt functions in order to determine their position, intensity, and broadening. The determination of lattice constants of Mndoped SnO 2 thin films shows that on increasing the Mn concentration from 0 to 12.5 at. %, the unit cell volume continuously reduces from its value for undoped SnO 2 films as shown in Table I . The observed contraction of the lattice revealed by the shifting of the XRD peaks ͑as shown in Fig.  2͒ The mean grain size ͑t͒ in a film can be estimated from the value of full width at half maximum, FWHM hkl , of an XRD peak, which corresponds to the lattice planes with Miller indices ͑hkl͒, through Scherrer's formula
III. RESULTS AND DISCUSSION
where hkl is the Bragg angle that corresponds to the ͑hkl͒ lattice planes and is the wavelength of the x rays used. The FWHM hkl s is the FWHM of the standard silicon sample and was used to account for the instrumental broadening. For the estimation of the grain size, the broadening of ͑110͒ XRD reflection observed at lower 2 values has been considered, and is thus less affected by the ␣ 1 and ␣ 2 splitting of the incident beam. We, however, note here that the Scherrer's formula is valid for unstrained grains because the strain also can broaden the XRD peaks. The relative strain for the case of an undoped SnO 2 film is calculated from ͑a − a bulk ͒ / a bulk , where a bulk is the lattice constant of the unstrained bulk sample of SnO 2 ͑a = 4.737 Å and c = 3.186 Å͒.
The value of is estimated to be −0.211% along the a direction and −0.220% along the c direction, implying that compressive strains are acting on the unit cell. The observed strain may be due to the nonstoichiometric growth of SnO 2 and other related parameters such as substrate temperature, molarity, etc. It was found that the films were nanocrystalline with an average grain size lying in the range of 11-20 nm. The grain size calculations further indicate that, though there is a reduction in size ͑see Table I͒ , it does not appear to be very much connected with the change in the Mn concentration.
To see the effect of the Mn-incorporation on the intensities of SnO 2 peaks, a detailed analysis of the XRD data has been carried out. The exact integrated peak intensities have been calculated after stripping ␣ 2 peaks using the Rachinger method 32 and performing the background correction. These exact integrated intensities have then been used to calculate the structure factor, after taking into account the multiplicity factor and the polarization factor. The temperature factor has been eliminated by performing the background correction. The variations in the structure factor are related to either a substitution effect or a change in the occupation sites, i.e., substitutional to interstitial sites in the SnO 2 lattice, and hence these alter the intensity of the scattered radiation. The structure factor is determined by the presence of bound electrons in an atom, and since Mn has less bound electrons than Sn, the substitution of Sn by Mn in the SnO 2 lattice should yield a structure factor, which is almost half the value for Sn. If there is any change in the occupation site of Mn, i.e., substitutional to interstitial, the same may be reflected as an increase in the structure factor. In the case of thin films, due to the possibility of preferred orientation of grains due to nonequilibrium growth process, the absolute value of the structure factor may not be accurate, in comparison to their bulk counterpart. We have, therefore, calculated relative structure factors with respect to different planes, which are at lower 2 values. It may be noted that extracting accurate information on the incorporation of Mn in SnO 2 lattice from the variation of the relative structure factor may be difficult, nevertheless, it gives a good estimation of different processes taking place within SnO 2 upon the introduction of Mn. As is evident from Fig. 4 , the Mn substitution changes the structure factor of only certain planes, 33 This inference has been further supported by the small lattice volume change when the Mn concentration increases from 7.5 to 12.5 at. %. Park et al. 34 have also reported a systematic evolution of ͑101͒ and ͑200͒ peaks in the x-ray diffraction of Co-doped TiO 2 thin films. In fact, our own study on Co-doped SnO 2 thin films 22 also reveals the same kind of intensity variation of some of the XRD peaks when Co substitutes Sn in the SnO 2 lattice.
The TEM micrograph and the corresponding selected area electron diffraction ͑SAED͒ patterns for 0, 10, and 15 at. % Mn in SnO 2 have been shown in Fig. 5 . The TEM micrographs of 0 and 10 at. % Mn-doped SnO 2 samples show uniform granular structure, indicating the polycrystallinity of the films, without any indication of segregations, strain fields, etc., whereas the film with 15 at. % Mn shows twin boundarylike features, 35 but there is no evidence of any secondary phases. It should be noted that, for 15 at. % Mn in SnO 2 , the volume of the unit cell is the same as that of SnO 2 , and there is no evidence of any secondary crystalline phase either from x-ray or electron diffraction studies carried out with extreme care. Also, as we shall see later, the temperature dependence of the resistivity of the samples with Mn concentrations of 12.5 at. % and above has higher values than that of undoped SnO 2 . All these suggest the possibility of a secondary amorphous phase undetected either by x-ray or electron diffraction. In addition, the SAED ring pattern has been converted into the corresponding XRD kind of pattern, and all the peaks have been assigned to the corresponding Miller indices of the SnO 2 rutile phase by employing the code written in process diffraction. 36 The SAED pattern has been examined carefully for spots/rings of secondary phases, and it has been found that all the spots belong to the SnO 2 rutile phase only.
To see how the Mn incorporation changes the magnetic behavior of diamagnetic SnO 2 film, a magnetization ͑M͒ versus applied field ͑H͒ study has been carried out at room temperature. The M vs H behavior of a pure SnO 2 film prepared by spray decomposition of the SnCl 4 ·5H 2 O precursor shows the diamagnetic relationship ͑Fig. 6͒ in conformity with the known behavior. Also, the source of Mn, i.e., ͑CH 3 COO͒ 2 Mn· 4H 2 O, has been spray pyrolyzed separately and the resultant blackish-brown film of Mn 3 O 4 ͑as confirmed by XRD measurements͒ exhibited paramagnetic behavior at room temperature, in conformity with the reported result. 15 This measurement ensures that there are no measurable ferromagnetic impurities present in the starting precursor and the quartz substrate. As the Mn concentration increases up to 7.5 at. %, the film starts showing weak ferromagnetic behavior ͑as inferred from the slight nonlinearity near origin in the In a random alloy, some Mn separations ͑which are now part of the SnO 2 lattice͒ will be less than others, and hence the predicted antiferromagnetism ͑Néel temperature of Mn ϳ 100 K͒ may occur locally, thus reducing the overall magnetic moment. This, however, cannot account for the observed reduced saturation magnetization ͑at RT͒ value of the Mn: SnO 2 film. The prediction of random alloy formation has been confirmed by the optical absorption studies, as we shall see later.
We also recorded the temperature ͑T͒ dependence of the magnetization ͑M͒ ͑field cooled͒ of these samples in a field of 600 mT. Figure 7 shows the M vs T plot for Sn 0.90 Mn 0.10 O 2−␦ and SnO 2−␦ film samples. The absence of any sharp drop in the M vs T data of Sn 0.90 Mn 0.10 O 2−␦ suggests that the film is ferromagnetic with a Curie temperature exceeding 550 K. To confirm the role of Mn in inducing ferromagnetism, an M vs T measurement has been performed on an undoped sample also, which confirms the typical temperature-independent diamagnetic behavior of the undoped SnO 2 thin films. For Mn concentrations exceeding 10 at. %, the films exhibited paramagnetic behavior. The absence of ferromagnetism for Mn concentrations exceeding 10 at. % is due to the possibility that now less Mn ions are incorporated in the SnO 2 lattice, as evidenced from the structural and resistivity measurements, thus causing the ferromagnetism to disappear.
The appearance of ferromagnetism in a small range of Mn concentrations ͑0.075Յ x Յ 0.10͒ cannot be due to the presence of secondary phases, since nearly all of the possible Mn-based binary and ternary oxide candidates are antiferromagnetic with a Néel temperature that is much less than room temperature. However, Mn 3 O 4 and SnMn 2 O 4 are exceptions, with both exhibiting a Curie temperature in the range of 40-50 K ͑Ref. 23͒. In the present case, the x-ray and electron diffraction studies have not revealed any Mn-O phases, although XRD is inadequate to address the problem of detection of secondary phases, if present at a very low level. Even if these ferromagnetic secondary phases are present, these cannot account for the ferromagnetic behavior observed at RT in Sn 1−x Mn x O 2−␦ films. The absence of monotonic variation in the ferromagnetic moment on in-creasing the Mn concentration also supports the absence of any ferromagnetic impurities in the starting precursors or the films.
To have a better understanding of the electronic structure change, the electron transport properties of these Sn 1−x Mn x O 2−␦ films have also been studied. The Hall measurements indicate a carrier concentration n e of 0.88 ϫ 10 19 cm −3 in a one-band model for an undoped SnO 2 thin film at RT. It is clear from Fig. 8͑a͒ that, as the Mn concentration increases, the carrier concentration also starts to increase, but not proportionally. The carrier concentration attains a maximum value of 2.88ϫ 10 19 cm −3 at x = 0.075, and thereafter it starts to slowly decrease from its maximum value. The observed increase in carrier concentration on Mn substitution is expected to be a result of the oxygen vacancy population appearing due to the formation of a solid solution between SnO 2 and Mn 3 O 4 , which are confirmed to be the end products of the initial precursors. Now, there can be questions regarding the stability of this large concentration of oxygen vacancies in SnO 2 . It is to be noted that in the case of F-doped SnO 2 thin films, 20 the substitution of oxygen by fluorine is reported to result in a large concentration of oxygen vacancies, and the electron concentration approaches to the order of ϳ10 21 cm −3 , but in the present case of Mndoped SnO 2 thin films, the maximum electron concentration is only of the order of ϳ10 19 cm −3 . Also, it is useful to know that the stability of nonstoichiometric SnO 2 is explained to be due to the coexistence of oxygen vacancies, tin interstitials, and the multivalency of tin. 33 The decrease in carrier concentration beyond x = 0.075 may be due to the crossover from substitutional to interstitial accommodation of Mn ions, which could possibly be correlated with the relatively small change in lattice volume when the Mn concentration increases from x = 0.075 to 0.125. Furthermore, we did not observe the anomalous Hall effect ͑AHE͒ in any of the Mndoped SnO 2 films. This is a significant result and clearly indicates that the carrier is not spin polarized, and that the observed magnetization could be due to localized spins, rather than having itinerant magnetism. We shall again return to this conjecture later in the paper. Electron mobility has also been calculated from the measured carrier concentration and electrical resistivity. The mobility of the Mn-doped samples has been found to be varying in a similar fashion to that of the carrier concentration ͓Fig. 8͑b͔͒. This variation in the mobility indicates that defects cannot be responsible for the observed RTFM since the mobility has become enhanced in the range of Mn concentration, where RTFM has been observed. The RT resistivity measurements presented in Fig.  9 indicate that as the Mn concentration increases up to 7.5 at. %, the resistivity of the Sn 1−x Mn x O 2−␦ films decreases. This may be a direct consequence of the observed increase in the carrier concentration when the Mn concentration increases up to 7.5 at. %. But when the concentration of Mn is increased beyond 7.5 at. %, the resistivity first decreases slightly and then increases beyond a Mn concentration of 10 at. %. It should be noted that in a polycrystalline sample, the scattering could have various contributions like lattice scattering, grain boundary scattering, ionized impurity scattering, and also magnetic scattering. This increase in resistivity beyond a Mn concentration of 10 at. % may be due to both the decrease in carrier concentration as well as an associated increase in the other scattering contributions. The temperature dependence of the resistivity recorded up to a temperature of 20 K shows that all the films exhibit the typical degenerate semiconducting behavior of SnO 2 . A typical activation energy of conduction is in the range of 0.1-2 meV at low temperatures as calculated from the slope of the ln vs 1000/ T plot. Also, the temperature dependence of the resistivity of the Sn 0.85 Mn 0.15 O 2−␦ film is different from the behavior of other Mn-doped SnO 2 films, indicating the presence of an additional activation process involved in the con- duction. This result may be correlated with that of the TEM study, which indicates the presence of twin boundarylike features at a Mn-concentration of 15 at. % in the SnO 2 film, but it may be emphasized here that the real cause of this effect is still not very clear.
To understand the energy band gap modification brought about by the presence of Mn, optical transmission studies have been carried out at RT. The measured transmittance spectra ͑Fig. 10͒ have been simulated using the O'LearyJohnson-Lim ͑OJL͒ model 37 for optical transitions. The variation in the optical band gap ͑Fig. 11͒ with Mn concentration in the samples indicates a nonsystematic change. This is due to the random fluctuations in the crystal potential due to the incorporation of Mn in the SnO 2 lattice, which leads to a nonmonotonic change in the band gap. This also implies that Sn 1−x Mn x O 2−␦ forms a random alloy as Mn ions are incorporated irregularly in the SnO 2 lattice, which is in agreement with the predictions of structural and magnetic properties. In addition, we observe that the transmittance of the SnO 2 thin films has not been much affected on Mn incorporation ͑see the inset of Fig. 11͒ . Also, the presence of multiple interference fringes ͑due to the finite thickness of the films͒ makes it difficult to identify the presence of Mn d − d transitions. It is worthwhile to mention here that Kimura et al. 26 report the presence of Mn d − d transitions in the optical transmission spectra of Mn-doped SnO 2 thin films ͓based on the observation of interference fringes for a Mn concentration of 0.11, even though they did not observe any such fringes ͑absorption bands?͔͒ for higher concentrations of Mn, i.e., 0.34. Also there is no indication of any Mn d − d transitions in the optical transmission spectra of Mndoped ZnO reported by Fukumura et al. 38 and Venkataprasad et al., 39 suggesting that absorption coefficient of Mn in the energy range of interest may be low enough to detect.
It may be noted that RTFM has been observed only in a narrow range of Mn concentration, i.e., x = 0.075− 0.10, and the saturation magnetic moment is not consistent with the change in carrier concentration, suggesting that carriermediated interaction may not be responsible for the observed RTFM. This is in agreement with the observed absence of an anomalous Hall effect in the Mn: SnO 2 films. From the analysis of structural, magnetic, and electrical properties as discussed above, it appears that the ferromagnetism is intrinsic in origin. The correlation between the change in structure factor and the saturation magnetic moment suggest that the RTFM is a result of the incorporation of Mn in the SnO 2 lattice. To further negate the possibility of carrier-mediated ferromagnetic exchange interaction in a Mn: SnO 2 system, F doping has been carried out in Sn 0.90 Mn 0.10 O 2−␦ to intentionally increase the carrier concentration. As noted from Fig.  12 , the F-doped samples exhibit weak RTFM character with a saturation magnetic moment lower than that observed in SnO 2 : Mn films without F doping. It may be possible that, as the F-dopant concentration increases, the electrons are more localized, and this in turn affects the long-range magnetic order, resulting in a reduced saturation magnetization value. It should be noted that the carrier concentration has been increased and lies in a range of ͑1.02− 2.10͒ ϫ Alternatively, since the number of oxygen vacancies is fairly large, the defect-mediated exchange model proposed by Coey et al. 40 could possibly explain the observed ferromagnetism in the Sn 1−x Mn x O 2−␦ system. However, we do not rule out the possibility of any other mechanism as a cause of the observed RTFM in the Sn 1−x Mn x O 2−␦ system. Microscopic investigations such as x-ray photoelectron spectroscopy and electron paramagnetic resonance are required to gain more insight in order to clearly establish the origin of FM ordering in a Mn incorporated SnO 2 system.
IV. CONCLUSIONS
Room-temperature ferromagnetism is exhibited by spray pyrolyzed Sn 1−x Mn x O 2−␦ thin films in a narrow range of Mn concentration of 0.075Յ x Յ 0.10. The temperature dependence of the magnetization study predicts a Curie temperature above 550 K in these films. X-ray and electron diffraction investigations, in combination with magnetization studies, reveal that the RTFM is not due to any ferromagnetic impurities. X-ray structure factor calculations suggest that Mn has been incorporated in the SnO 2 matrix. Also, the optical absorption study predicts a random alloy formation for Sn 1−x Mn x O 2−␦ systems in conformity with the predictions of the other observed properties. Electron transport measurements suggest that the extra electrons are generated as a result of Mn substitution, and there is a shift in Mn occupation from substitutional to interstitial sites when the Mn concentration increases beyond 7.5 at. %. We do not find a one-toone correlation between the carrier concentration and the saturation magnetic moment. This is well supported by the absence of AHE in the Mn: SnO 2 system. Different levels of F doping in Sn 0.90 Mn 0.10 O 2−␦ have been carried out, and the results indicate that the RTFM is not carrier mediated.
